Introduction
IgA nephropathy (IgAN) is the commonest form of glomerulonephritis in the world, and a significant proportion of patients progress to end-stage renal disease [1] [2] [3] [4] [5] . Human serum IgA consists of two subclasses, IgA1 and IgA2, structurally and functionally distinct. The diagnostic hallmark of the condition in IgAN is selective deposition of the IgA1 subclass, at least partly polymeric, in the glomerular mesangium. This subclass bias may arise from the higher ratio of IgA1 (85%) to IgA2 (15%) in serum [1] [2] [3] [4] [5] [6] . IgA1 differs from IgA2, particularly at the hinge region; IgA1 contains an extended polyproline peptide bearing multiple serine and threonine residues and distinctive O-glycans. Core 1, Galβ1,3GalNAcα-serine/threonine, is the major constituent of the O-glycan structures normally present in the IgA1 hinge region. Recently, it was reported that O-linked Galβ1,3GalNAc content is significantly decreased in IgA1 purified from serum, glomerular mesangial deposits and tonsils of patients with IgAN compared to controls [6] [7] [8] [9] [10] [11] . Therefore, the abnormal O-glycosylation of IgA1 in IgAN has been extensively investigated in recent years, and there is increasing evidence for its involvement in the pathogenesis of IgAN [12] [13] [14] [15] [16] [17] [18] .
Core 1 β1,3-galactosyltransferase (C1β3Gal-T) transfers galactose (Gal) from UDP-Gal to an N-acetylgalactosamine (GalNAc) residue on glycoproteins, including IgA1 via a β1,3-linkage [19, 20] . Although a functional abnormality of C1β3Gal-T has been proposed as a mechanism for altered O-glycosylation in IgAN, there is a paucity of information on the regulation of expression of this glycosyltransferase [6, 21] or its molecular chaperone Cosmc, which is involved in the folding or stability of C1β3Gal-T [22] . Without Cosmc, translated C1β3Gal-T is lost, and there is deficiency of Gal residues on glycoprotein acceptors [22] . Mechanisms whereby C1β3Gal-T and/or Cosmc expression might be downregulated in B lymphocytes from IgAN patients remain unknown [23] . Although it is not known whether altered O-glycosylation of IgA1 is attributable to inherited defects or not, previous reports suggested that some stimuli, in a permissive genetic background, might cause low expression of the Cosmc gene and result in reduced C1β3Gal-T activity and subsequent aberrant glycosylation of IgA1 in IgAN [24] [25] [26] [27] [28] [29] .
IgAN is a glomerular disease that is likely Th2 dependent and is observed more commonly in developed nations [30] . An alteration in the balance of Th1 and Th2 T-cell subsets has been implicated as a mechanism to explain the pathogenesis of IgAN. Although it was reported that increased production of Th2 cytokines might result in the production of abnormally glycosylated IgA in mice, murine IgA has only N-glycosylated residues and lacks O-linked oligosaccharides [31] [32] [33] . Moreover, no investigation has attempted the analysis of IgA1 glycosylation using human B cells stimulated with T-cell cytokines. Interestingly, it was reported that O-glycosylation of IgA1 and IgD was differentially controlled during Bcell maturation by analysis of their lectin binding in patients with IgAN [25] . Compared with healthy controls, O-glycosylation in IgAN was incomplete in IgA1 but more complete in IgD. O-glycosylation of IgA1 in IgAN might be due to aberrant immunoregulation, whereas recent studies suggested that abnormal IgA1 glycosylation is an inherited rather than an acquired trait [28, 29] . Therefore, in the present study, we focused on selective effects of T-cell cytokine stimulation upon C1β3Gal-T activity and subsequent glycosylation of IgA1 using IgA1-positive human B-cell line.
Materials and methods

Cell cultures and experimental protocols
The surface IgA1-positive human B lymphoma cell line, DAKIKI, was purchased from ATCC (Manassas, VA, USA) [34] [35] [36] . Cells were cultured in 75-cm 2 flasks in RPMI 1640 medium containing 10% heat-inactivated fetal calf serum (FCS), 1 mM sodium pyruvate, 2 mM glutamine, 100 U/mL penicillin and 100 mg/mL streptomycin and studied at passages 7-12 in RPMI 1640 medium containing 1% FCS at 37°C in a humidified atmosphere containing 5% CO 2 . To assess the effect of cytokine stimulation on cell proliferation and the production of IgA1, cells were cultured with 10 ng/mL of recombinant human IFN-γ, IL-2, IL-4 or IL-5 (R&D Systems, Minneapolis, MN, USA) at a density of 3 × 10 4 /mL per well in 24-well culture plates for 5 days. For analysis of IgA glycosylation, cells were cultured with 10 ng/mL of each recombinant cytokine at a density of 3 × 10 4 /mL in 100 mm culture dish for 6 days. Similarly, to assess the effect of cytokine stimulation on mRNA expression of C1β3Gal-T and Cosmc, cells were cultured in 6-well culture plates at a density of 1 × 10 5 /mL, with or without added IFN-γ or IL-4 (10 ng/mL) for 12, 24 or 48 h. Recombinant human IL-4 soluble receptor (IL-4sR) (R&D Systems) (500 ng/mL) was added to parallel wells to assess the effect of IL-4. To measure C1β3Gal-T activity, cells were cultured in 225-cm 2 flasks at a density of 3 × 10 5 /mL with 10 ng/mL of IL-4 for 24 and 72 h. After incubation, the supernatants and cells were harvested for various assays. For analysis of IgA glycosylation, the supernatants were concentrated (Amicon ® Ultra-4 50K, Millipore, Billerica, MA, USA). Cell viabilities, as assessed by trypan blue dye exclusion, were greater than 90% in all experiments. In each of more than two experiments, triplicate culture wells for each stimulation were established.
Measurement of IgA1 content
IgA1 content in the supernatant from each culture well was measured in duplicate using enzyme-linked immunosorbent assay (ELISA). All incubations were performed at room temperature except for capture antibody coating. Briefly, 96-well immunoplates (Thermo Fisher Scientific, Waltham, MA, USA) were coated with 5 µg/mL of F(ab′) 2 fragment goat anti-human IgA antibody (Jackson ImmunoResearch Laboratories, West Grove, PA, USA), in phosphate-buffered saline (PBS) at 4°C overnight. After three washes with PBS containing 0.05% Tween-20 (PBST), plates were blocked by adding PBS containing 1% bovine serum albumin (BSA) to the wells for 90 min. Next, 50 µL of supernatant sample or standard human IgA1 (CALBIOCHEM, La Jolla, CA, USA) was added to the reaction wells and then incubated for 90 min. After three washes, 0.75 µg/mL alkaline phosphatase conjugated goat anti-human IgA (Southern Biotechnology Associates, Birmingham, AL, USA) in 1% BSA/PBS was added to the reaction wells and then incubated for 90 min. Plates were washed three times and developed with a substrate solution of 1 mg/mL p-nitrophenyl phosphate disodium salt (SIGMA, St. Louis, MO, USA) in 0.1 M glycine buffer containing 1 mM MgCl 2 , 1 mM ZnCl 2 , pH 10.4. The optical density at 405 nm was determined in a microplate reader (Benchmark Plus TM BioRad Laboratories, Hercules, CA, USA). IgA1 concentration in unknown duplicate samples was determined by interpolation of the respective optical density into the appropriate standard curve. IgG and IgM contents in the supernatant were measured using sandwich ELISA (IMMUNOtek ® , ZeptoMetrix Corporation, Buffalo, NY, USA) according to the manufacturer's instructions.
Enzyme-linked lectin binding assays
The O-glycosylation profile of IgA1 samples was measured by binding of the lectin, Helix aspersa (SIGMA), which is specific for terminal GalNAc [37] . Briefly, 2.5 µg/mL of F(ab′) 2 fragment goat anti-human IgA antibody, which was the same antibody for IgA1 measurement, was utilized for this assay to capture IgA1. Plates were washed three times and blocked by adding 1% BSA/PBST to the wells for 3 h. The supernatants of each culture were diluted to a final concentration of 1 µg/mL IgA1 in 1% BSA/ PBST, and 50 µL of each sample was added to the reaction wells and then incubated at 4°C overnight. The captured IgA1 was subsequently desialylated by treatment for 3 h at 37°C with 20 mU/mL neuraminidase from Vibrio cholerae (Roche, Penzberg, Germany) in 10 mM sodium acetate buffer, pH 5. After seven washes, 2 µg/mL of biotinylated H. aspersa lectin diluted in 1% BSA/PBST was added to the reaction wells, and they were then incubated for 3 h at 37°C. Plates were washed five times, and lectin binding was detected with avidin-horseradish peroxidase conjugate (ExtrAvidin ® ,SIGMA) diluted in 1% BSA/PBST, and the reaction was developed with the peroxidase chromogenic substrate o-phenylenediamine-H 2 O 2 (SIGMA). The colour reaction was stopped with 2 N H 2 SO 4 , and the optical density in duplicate samples at 490 nm was determined in a microplate reader.
RNA extraction and real-time PCR
Total RNA was extracted from each culture sample using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Synthesis of cDNA by Moloney Murine Leukemia Virus (M-MLV) reverse transcriptase (Invitrogen) employed 1 µg RNA as a template and random primers. Resulting cDNA (1 µg) was amplified in real time, with a 25 µL reaction mixture containing SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA), appropriate primer pairs and water in an ABI Prism 7500 Sequence Detection system (Applied Biosystems, Foster City, CA, USA). The samples were incubated at 95°C for 10 min to activate the Amplitaq Gold polymerase, followed by 40 cycles with 15 s denaturation at 95°C, 60 s annealing at 60°C and 60 s extension at 60°C. Quantification of specific mRNA in the samples was measured relative to the corresponding gene-specific standard curve. Real-time PCR reactions were carried out with 5-fold serial dilutions of cDNA as a template. The primer sets of C1β3Gal-T, Cosmc and human β-actin employed are in Table 1 . An inverse linear correlation of the Ct value with the amount of template ensured reliable analysis of the mRNA level. The Ct values obtained were used to calculate the initial quantity of each specific cDNA by extrapolating from the standard curve derived for each primer set. All the samples were tested in triplicate with the reference gene human β-actin, used as a housekeeping gene to normalize data.
Analysis of C1β3Gal-T activity
Cells were harvested in 1 mL of ice-cold sample buffer containing 0.25 M sucrose, 10 mM Tris-HCl (pH 7.4), and a protease inhibitor cocktail (#P-8340; SIGMA). Suspensions containing 5 × 10 7 cells were sonicated three times for 10 s in an ice bath. The cell homogenates were centrifuged at 3,900 rpm for 10 min to remove cell debris, and the supernatants were centrifuged at 41,000 rpm for 1 h. Microsome fractions thus obtained in the pellet were resuspended in the sample buffer containing 0.25 M sucrose, 10 mM Tris-HCl (pH 7.4). All procedures were carried out at 4°C [38] . The protein concentration in each sample was determined by dye binding (BCA protein Assay Kit; PIERCE, Rockford, IL, USA) according to the manufacturer's instructions. A commercially available compound, Galβ1,3GalNAcα-pNp (CALBIOCHEM), was used as a standard to estimate the β1,3-linkage structure. Cell homogenates were incubated in a 75-µL reaction mixture containing 0.25 mM GalNAcα-pNp (Tronto Research Chemicals, North York, Ontario, Canada), 50 mM MES buffer (pH 6.5), 20 mM MgCl 2 , 2 mM ATP, and 1 mM UDP-Gal (SIGMA) at 37°C for 2 h. After centrifugation (at 10,000 rpm for 10 min), the supernatants from the samples were subjected to high-performance liquid chromatography (HPLC) on an OSD-80Ts QA column (4.6 × 250 mm, Tosoh, Tokyo, Japan). The reaction products were eluted with 12% acetonitrile in water containing 0.1% trifluoroacetic acid at a flow rate of 1.0 mL/min at 40°C and monitored with an ultraviolet spectrophotometer (absorbance at 300 nm) in a Gilson dual-pump high-pressure mixing system with detector (Gilson Medical Electronics, Middleton, WI, USA). A unit of activity defined as the area under the curve was normalized by the protein concentration in each sample. Each HPLC peak was isolated and subjected to electrospray ionization-mass spectrometry (TSQ-Quantum, Thermo Electron Corporation, San Jose, CA, USA).
Statistical analysis
Values are shown as mean ± standard error (SE). Comparisons among groups and two groups were evaluated by ANOVA and Mann-Whitney's U-test, respectively. Values of P < 0.05 were regarded as significant.
Results
Cell proliferation
Incubation of DAKIKI cells in the presence of IL-5 (1.5-fold) or especially IL-4 (2.0-fold) evoked significant cell proliferation compared to cells maintained in medium (control) or in the presence of IFN-γ or IL-2 (P < 0.05) (Figure 1 ). There was a significant difference between the effect of IL-4 and that of IL-5 (P < 0.05).
IgA1 production
The concentration of IgA1 in supernatants from cells cultured with IL-4 was 28% higher than control cells in medium alone (P < 0.005) or cells cultured with IFN-γ or IL-5 (P < 0.005) (Figure 2A ). Addition of IL-2 to the culture resulted in intermediate levels of IgA1 between medium control and IL-4 stimulation. However, on a per cell basis, IL-2 stimulation significantly increased IgA1 production by each cell (P < 0.005) ( Figure 2B ). Neither IFN-γ nor IL-5 altered the production of DAKIKI cells in culture, despite the capacity of IL-5 to increase cell number. IgG and IgM were not detected in the supernatant from the cell culture. 
Effects of cytokine stimulation on IgA1 glycosylation
Specific lectin (H. aspersa) binding to IgA1 derived from cells stimulated by IL-4 was significantly (19%) higher than that from cells stimulated by the other cytokines or unstimulated cells (P < 0.005) (Figure 3 ). Because GalNAc occurs only in oligosaccharides of the hinge region of IgA1, the enhanced binding of the GalNAc-specific lectin H. aspersa is due to a deficiency of Gal in the O-linked side chains of the hinge region of IgA1. No significant increase in lectin binding was observed for IgA stimulated with the other cytokines relative to the unstimulated cultures, suggesting that no alteration of IgA1 glycosylation occurred. In summary, only IL-4 stimulation diminished the terminal Gal on IgA1.
mRNA expression of C1β3Gal-T and Cosmc
The levels of mRNA encoding C1β3Gal-T and Cosmc in cells coincubated with IL-4 was significantly less than that in control after 12-48 h (P < 0.05) ( Figure 4A and B). C1β3Gal-T/Cosmc ratio of mRNA expression stimulated by IL-4 at 12 h was higher than that at 24 or 48 h ( Figure 4C ). The level of C1β3Gal-T was decreased by 17-47% at each incubation time relative to control cells, whereas the level of Cosmc mRNA was reduced more powerfully (43-62%) after 12 or 24 h by stimulation of IL-4 ( Figure 4A and B) . Addition of IFN-γ had no significant effect on either C1β3Gal-T or Cosmc mRNA level. The effect of IL-4 on mRNA expression of C1β3Gal-T and Cosmc was significantly prevented by using IL-4sR at 24 h, 31% and 23%, respectively, and no significant difference was found in the results from the cells incubated with IL-4sR or unstimulated control.
C1β3Gal-T activity
The retention time of the standard Galβ1,3GalNAcα-pNp (core 1-pNp) in HPLC system was 14.46 min ( Figure 5A ). Each reaction product was confirmed to be core 1-pNp by mass spectrometry (data not shown). Homogenate from cells incubated with IL-4 contained significantly less C1β3Gal-T activity compared to that of control cells at each incubation time (P < 0.05) ( Figure 5B) . Specifically, the enzymatic activity of C1β3Gal-T, relative to control, was decreased by 22% and 30% at 24 and 72 h, respectively. C1β3Gal-T activity in the presence of 10 mM UDP-Gal was not different from that in the presence of 1 mM UDP-Gal, indicating that the 1 mM level is at substrate excess (data not shown). No significant difference of C1β3Gal-T activity was observed between incubation times. Net enzymatic activity on endogenous human IgA1 is measured with the lectin binding assay in Figure 3 , and the point of Figure 5 is to measure enzymatic activity objectively and quantitatively with a standard substrate. Comparison of Figure 3 with Figure 5 allows some evaluation as to the validity of the synthetic substrate representing IgA1 with a similar effect.
Discussion
Lymphocyte functions, including cytokine profiles, have been investigated extensively in IgAN patients, and several abnormalities were identified [39] . It is noteworthy that T-cell cytokines known to be synthesized excessively in IgAN are closely related not only to immunoglobulin class switching and production but also to renal insufficiency [40] [41] [42] [43] . Furthermore, it has been suggested that IgAN is a glomerular disease that is likely Th2 dependent [30] .
Our results demonstrate that IL-4, one of the Th2 cytokines, alters the terminal glycosylation of IgA1. As anticipated, IL-4 stimulation signif icantly induced cell proliferation accompanied by increased IgA1 production in vitro [44, 45] . The new findings here indicate that IL-4 also downregulates mRNA expression of both C1β3Gal-T and Cosmc and C1β3Gal-T enzymatic activity. Specific lectin binding revealed a significant deficiency of Gal in the O-glycans of IgA1 hinge region after IL-4 stimulation. This deficiency is the one implicated as a pathogenetic factor in IgAN [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . No significant alteration of IgA1 glycosylation was observed by cytokine stimulation except for IL-4.
IL-4 regulates IgE and IgA synthesis, and increased production of IL-2 augments the IgA immune response in patients with IgAN [44, 45] . Compared to healthy controls, blood mononuclear cells from patients with IgAN produce more IL-4 upon mitogen stimulation and express higher levels of mRNA encoding IL-4 and IL-5 [41, 42] . Moreover, IgAN patients with severe renal dysfunction are more likely to hyperproduce Th2 cytokine and synthesize more IL-4 compared to patients with mild disease, although they have normal IL-4 responses during remission [41] [42] [43] . In an experimental model of IgAN induced by Sendai virus, Th2 predominant BALB/c mice developed more severe nephritis with acute renal insufficiency compared to the Th1 biased C3HeB strain of mice, which rarely developed renal insufficiency [32] . IL-4 is recognized for its many effects on lymphocytes and other leukocytes, but this is the first report implicating a role for IL-4 in the regulation of post-translational modifications of glycosylation in human B cell. IL-2 increased IgA1 secretion by each cell but had little or no effect on cell proliferation or terminal glycosylation. In contrast to IL-2, IL-5 induced significant cell proliferation but had little or no effect on IgA1 secre- tion or terminal glycosylation. Therefore, the rate of IgA1 synthesis itself and increased cell proliferation are not critical determinants of glycosyltransferase activity.
Core 1, the major constituent of O-glycans in IgA1 molecules, is synthesized by C1β3Gal-T [19] . Recently, the genes encoding C1β3Gal-T and its molecular chaperone Cosmc have been cloned [19, 22] . The C1β3Gal-T gene lies on chromosome 7p14-p13, with a 1794-bp cDNA sequence encoding a protein of 363 amino acids [19] , the Cosmc gene is on chromosome Xq23, with a 1471-bp cDNA sequence encoding a protein of 318 amino acids [22] . Cosmc is involved in the folding or stability of C1β3Gal-T [22] . A functional abnormality of the C1β3Gal-T responsible for the O-glycosylation of IgA1 has been proposed as a mechanism for altered O-glycosylation in IgAN [19, 21] . Recently, it was reported that a mutation in Cosmc causes a loss of C1β3Gal-T activity [22, 38] . Therefore, the aberrant IgA1 O-glycosylation in IgAN patients might be a consequence of reduced Cosmc expression in B lymphocytes of patients [23] . Although we have not yet clarified which molecule is more essential to C1β3Gal-T activity, mRNA expression of both C1β3Gal-T and Cosmc was reduced by IL-4 treatment in vitro collaterally with reduced C1β3Gal-T activity and subsequent glycosylation of IgA1.
Previous reports suggested that aberrantly glycosylated IgA1 molecules have an increased tendency both to selfaggregate and to form antigen-antibody complexes with IgG antibodies directed against IgA1 hinge epitope, favouring the generation of macromolecular aggregates of pIgA1 and IgA immune complexes [12, 13, 46] . Aberrantly, O-glycosylated IgA1 also has increased affinity for extracellular matrix components such as type IV collagen, fibronectin and laminin [15] . Therefore, the removal of sialic acid and Gal residues in IgA1 can promote mesangial deposition in IgAN by several mechanisms, likely synergistic [15] . In contrast to IgA1, IgD from patients with IgAN was more heavily O-galactosylated but less sialylated than IgA1, suggesting that the pattern of immunoglobulin O-glycosylation is differentially controlled at different stages of B-cell development [25] . Overall, altered regulation of glycosyltransferases at a particular stage of B-cell differentiation in patients with IgAN may have pathogenic significance for IgAN.
In summary, these findings suggest that aberrant immunoregulation manifest as enhanced IL-4 production in IgAN patients might contribute to the altered O-glycosylation of the IgA1 hinge region by down-regulation of C1β3Gal-T activity, regulated by not only C1β3Gal-T but also its molecular chaperone Cosmc. We have little information of relevance between increased IL-4 and altered IgA1 glycosylation in diseases other than IgAN. Although increased IL-4 might alter IgA1 glycosylation in other inflammatory diseases, several other factors also could be involved in the pathogenesis of IgAN. Further investigation is required to clarify the mechanisms whereby IL-4 downregulates both C1β3Gal-T and Cosmc mRNA levels and whether defects in Cosmc expression and/or in the direct expression of the C1β3Gal-T are involved in the defective IgA1 glycosylation in patients with IgAN. Resolution of these issues might provide a basis for developing better methods for treating IgAN. was supported in part by a grant from the study group on IgA nephropathy in Japan.
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